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Abstract 

The exposure of hl^ voltage spwecraft systems to 
Hie charged particle mivlronment of sp«;e can produce 
Interactimis that will Influence system operation. An ex- 
perimental Investigation of these interactions has been 
undertaken for insulator and ctmductor test surfaces 
biased up to ;tl kV in a simulated low Earth orbit charged 
particle mivironment. It has been found Hiat these inter- 
actions are controlled by the insulator surfaces sur- 
rounding the biased condictois. For positive applied 
voltages Hie electron current collection can be enhanced 
by the insulators. For negative af^lied voltages the In^ 
sulator surface confines the voltage to the conductor 
reglmi; this can cause arcing. Uncterstandlng these in- 
teractions and the technology to control their Impact on 
system operaHon Is essential to the design of solar cell 
arrays for ion drive propulsion applications that use di- 
rect drive power procrasing. 

Introduction 

Historically, the trend in operational power require- 
ments for satellites has been towards ever-increasing 
levels. Studies are presently being conducted for future 
large, high power missions such as electric propulsion 
drivmi systems for scientific exploration and for mov- 
able satellite apidications, space power generation, man- 
ufacturing and human habitation. One means of im- 
proving electrical efficiency and reducing wei^t for 
these missions is by utilizing power systems operating 
at voltages higher than those presenHy considered. 

For example, a study conducted for the solar elec- 
tric propulsion driven Halley's Comet mission concluded 
Hiat, adille the mission can be flown with a conventional 
system, the net payload can be increased if a "direct 
drlv^' electric propulsion system Is used. In a direct 
drive system, the high voltages required for the thrust- 
ers (~3 kV) are generated directly on the solar array, 
amllar improvements In payload capability can also be 
realized by other electric propulsion missions throu^ 
use of direct drive systems. 

Space power systems have been proposed for mis- 
sions ranging In locaHon from low earth orbits to geosyn- 
chronous orbits. These systems would generate power 
in the range of hundreds of kilowatts to gigawatts for use 
by space systems or for beaming to These sys- 


tems would Incorporate multHdlovolt operating voltages. 

The exposure of such hl^ voltage systems to a spuse 
environment requires careful consideration. To date. 

Hie highest operational power system voltage used was 
Hie 100 V system on Sl^lab. A simple extrapolation from 
Hiis level to a multikilovolt system cannot be made. 

Space is not a pure vacuum; It has a tenuous, low energy 
charged particle environment Hiat ranges from about a 
million particles per cubic centimeter at low EarHi orbit 
to daout 10 particles per cubic centimeter at geosyn- 
chronous orbit. This environment, called Hie thermal 
plasma environment, can interact with the exposed por- 
tions of hi^ voltage systems and these interactions must 
be considered in the system design. The interactions 
identified as Hiose Hiat must be evaluated are the plasma 
coupling current between the high voltage system and the 
environment, the effects of charge stored in or on the in- 
sulator surface, and the {dasma- initiated discharges. 
These interactions must be described as functions of op- 
erational voltages, time in orbit, plasma properties, and 
Insulator properties and condition. 

High voltage surface- plasma environment interac- 
tions have been studied at the Lewis Research Center for 
the past several years. The ground investigations have 
identified the basic interactions described above. 

The SPHINX satellite (an acroynm standing for ^ace 
^lasma-Hi^ Voltage Interaction Experiment) to evaluate 
the Interactions in the space environment was built and 
launched, but was lost when the Titan-Centaur proof 
fli^t mission failed to orbit the payload in February 1974. 

After Hie failure to place the SPHINX spacecraft in 
orbit, the interest in hi^ voltage system technology 
diminished. However, recent studies for missions using 
hi^ power and hi^ voltage systems have revived the 
interest in this interaction technology. A program has 
been established to investigate all aspects of charged 
particle interactions with spacecraft systems. Ground 
simulation testing and analysis have been reemphasized. 
Studies of ion thruster efflux-hlg^ voltage solar array 
interactions have been initiated. The first inform 

mation on the interaction in the space environment will be 
obtained by the Jlasma Interaction Exmriment (PDQ to 
be carried on the Landsat C launchT'^* 

In this report the results and implicaHons of recent 
ground slmultdion testing will be discussed. Background 


Information on the high voltage ayatem • plaama envlroiw 
ment Interaction wtu be pretMted. 

Spacecraft Syatem-Plaeaa Environment Interactlona 

The baelc Interactions between spacecraft aystema 
and the plaama environment are Indicated In Fig. 1. A 
typical spacecraft employing a large, high power system 
Is shown. The first type of Interaction Is that in which 
the higher energy (keV to MeV) particle environment acts 
on the spacecraft system. Radiation damage to electron- 
ic components or solar cells (resulting from ionization 
or atomic displacement, for Instance) is typical of this 
type of Interaction. At geosynchronous altitudes a spe- 
cial case of this type of Interaction, known as spacecraft 
charging, occurs. Tlie spacecraft charging phenomenon 
arises when kilovolt energy particles from a geomagnetic 
substorm electrostatically charge insulating surfaces to 
hi^ negative potentials. If die voltage stress on an In- 
sulator exceetk its breakdown threshold, discharges that 
can cause anomalies in electrcmic systems occur. A 
considerable amount of information Is available on both 
r^,Ulon damage^^®^ and spacecraft charging. 

Further discussion of these interactions will not be pur- 

here. 

^ A second type of interaction occurs when there are 
sources on-board the spacecraft like electric propulsion 
thrusters, that enhance the naturally-occuring charged 
particle ravlronment. The principal concern is the efflux 
of charged particles from the thruster. Hiere is a 
plasma environment, called the charge exchange [dasma, 
that mults from charge transfer reactions between 
thrust ions and neutral propellant atoms escaping from 
the thruster. Such a plasma can augment the naturally 
occurring charged particle environment and intensify the 
Interactions with spacecraft systems especially If hi^ 
voltage solar arrays are used. The question of whether 
or not such a charge exchange (dasma will exist In space 
will be resolved by a space flight experiment to be flown 
Inl98l.<^^'^®> 

The principal Interaction of concern in this report is 
the coupling between a high voltage system and die ther- 
mal plaama environment. This type of interaction is 
slKiwn as the parasitic current loop in Fig. 1. A typical 
illustration of this type of interaction is a hi^ voltage 
solar array (see Fig. 2). In typical solar array con- 
struction, the cover slides do not comidetely cover the 
metallic interconnects between the solar cells. These 
cell Interconnects are at various voltages depending upon 
their location in the array circuits. Because the array 
is exposed to die apace plasma, die interconnects act as 
biased plasma probes attracting or repelling charged 
particles. At some location on the array the generated 
voltage is equal to the space plaama potential. The cell 
interconnects that are at voltages above space potential 


will attract an electnm current which dspmds upmi eleo 
tron ntnsber density la the enviraament and the voltage 
(hfference betwemi the Interoonaect aad the apace plaama. 
Those iateromnects that are at voltages below apace 
plaama potential will repel electrons and attract an ion 
current again depenitent on the density and voltage dlfier- 
mice. This flow of electrons and ions can be considered 
a current loop in parallel with the satellite electrical 
load. This parallel current represents a power loss. A 
question to be resolved is how cover slides (or other In- 
sulating surfaces) Influence this current collection. One 
would anticipate that dila collection Is pronounced at low 
Earth orbits since the thermal idaama density is highest 
diere (see Fig. 3). 

Experlmmital studies have been conducted in ground 
facilities to study the interaction of hi^ voltage surfaces 
with plasma environmmits. A solar array segment of 
1050 cm^ area (476 2- by 2-cm cells) was tested In 
plasma environments ranging from 10^ to 26 electrons 
per cubic centimeter. In diese tests die segment was 
not illuminated and bias voltages were applied from 
power supfdles outside the vacuum chamber. 

Results (see Fig. 4) indicated that at positive bias 
potentials the electron current collection was substantial 
at low Earth orlblt plasma ctenstties. At geosynchronous 
altitude densities, the collected currmits were negligible. 
However, at negative bias potentials, the currents col- 
lected rose rapidly and terminated in an arc. The thres- 
hold for arcing depended upon the plasma density. Arcing 
did occur at all densities tested. Arcing is a serious 
detriment to the operation of systems (particularly high 
voltage systems) and must be understood so that it can 
be prevented or its effect minimized by system design. 

A solution to the Interaction problems would be the 
coveting of all biased conductors. This will work only 
if there are no penetrations in the covering. The exper- 
imental results obtained when a small pinhole (0. 038 cm 
dlam) was placed in a Kapton Insulatiim film over a 
biased conductor are shown in Fig. S. It has been shown 
that such holes in insulators can result in disproportioo- 
ately large electron current collection. 

Furthermore, ttie<ie tests have indicated that the col- 
lected currents may be proportional to the total Insulator 
area. This current collection [dienomenon must 

be evaluated if lilgh voltage systems are to be used in 
apace. 

It is recognized that there are serious limitations in 
ground test facilities. The uncertain simulation of the 
plasma environment, Uie distortion of the electric flelda 
in the plasma by metallic vacuum tank walls, and the 
relatively high background pressure required to operate 
the plasma sources can Influence the test results. How- 
ever, flight experiments are expensive and not readily 
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available. Experimental techniques and analysis have 
Improved in recent years so that it is advantageous to 
initiate a new ground test program. The initial results 
of testing conducted at the Lewis Research Center will 
be given in the next sectton. 

Experimental Results 


Procedure 

The bi^ voltage surface- plasma interaction testing 
described in this report was conducted in the Lewis Re- 
search Center geomagnetic substorm simulation facil- 
ity. This facility Is housed in a 1.8 m dlam by 1.8 m 
long vacuum chamber. A nitrogen plasma generated by 
the facility plasma source was used. All tests were con- 
ducted with the samples at room temperature, no solar 
simulation and am^^ent pressures of about 5x10“ ® torr. 

The sample surfaces tested were a plain stainless 
steel disc (3. 5 cm diam by 0. i cm thick), a similar 
stainless steel disc on a 20 cm diam by 0 . 012 cm thick 

Ka|4on sheet and a solar array segment of 24 2- by 2-cm 
2 

cells <area about 100 cm ) arranged in four rows of six 

cells each. The solar array segment was on a Kapton 

sheet which was mounted on a fiberglass board (area 
2 

about 180 cm ) . All three surfaces were mounted on a 
91 cm diam aluminum plate which was maintained at tank 
ground potential (see Fig. 6). These experimental sur- 
faces were chosen to determine the effect of Kapton in- 
sulation on current collection of the disc electrode (anal- 
ogous to the pinhole current collection phenomenon) and 
to determine the effect of having voltage distributed 
among many small conductors (interconnects) surrounded 

by insulator surfaces. The solar array segment has a 
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total Interconnect area of 4.8 cm or approximately half 
2 

of the 9. 9 cm disc area. 

A schematic diagram of the test arrangement is 
shown in Fig. 7. Tests were conducted by first gener- 
ating a plasma in the facility. Plasma density was deter- 
mined by si^erical or cylindrical Langmuir probes. 
Probes were also used to obtain particle temperature 
(about 1 eV) and plasma potential (about V) . It is be- 

lieved that the densities obtained by these measurements 
are accurate within a factor of two. 


Plain Disc Experiment 

The plasma coupling currents collected by the plain 
disc experimait as a function of positive and negative 
affiled voltages are shown in Fig. 8. for plasma densities 
of about 2xio' and 2xio^ electrons per cubic centimeter. 
Typically from 1 to 3 tests were conducted at each 
plasma density (within the accuracy of the Langmuir 
probes, i. e. , within a factor of 2). Error bars repre- 
sent the range of data that falls within the accuracy range 
of plasma density specified. 


A theory for [dain metallic discs as probes on space- 
craft surfaces has been developed. This theory in- 
dicates that current collection should be proportional to 
effective voltage; i. e. , applied voltage minus space 
plasma potential. This has been found to be true for ex- 
perimental data obtained in these tests. The empirical 
relationship found to fit the data is: 



VA-Vp2=0 (1) 





^A- Vp< 


(2) 


where; 

ieo 


and Ej 


the electron and ion thermal current 
densities 

2 

the surface area of the disc (9. 9 cm ) 

the applied voltage 

the plasma potential (~- +6 V) 

the electron and ion temperatures (about 
1 eV) 


Comparison of this relationship with experimental data 
is shown in Fig. 8 . 


Plain Disc- On- Kapton Experiment 

Plasma coupling currents collected by a biased disc 
resting on a Kapton Insulation surface as a function of 
applied voltage and plasma density is shown in Fig. 9. 
The error bars again refer to the range of test values 
obtained at average plasma densities indicated. 


After a uniform plasma density was est^lished, the 
bias voltages were applied to either the plain disc, the 
disc on Kapton or the solar cell circuit. Voltages were 
always applied increasing from 0 to the maximum posi- 
tive or negative values. At each test voltage conditions 
were allowed to stabilize (about 1 to 2 minutes) before 
the current readings were taken. Surface voltage pro- 
files of the dlso- on- Kapton and solar array surfaces 
were obtained by sweeping the noncontactin^ capacitance 
coupled electrostatic surface voltage probe over the 
array about 2 mm above the test surface. 


Comparison of the average values from this experi- 
ment with the average values obtained with the plain disc 
experiment is shown in Fig. 10. This comparison illus- 
trates the influence of Kapton Insulation on disc plasma 
coupling current. For positive applied potentials, there 
is a tendency for the disc- on- Kapton current collection 
to be suppressed in the voltage range of -)-l0 to -*-100 V 
(compared to the plain disc). Above +100 V. current 
collected by the disc-on-Kaptcai is greater than that of 
the plain disc. For all negative applied potentials, cur- 
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rent coU«ct«d appear* to ba the aame for botii experi- 
mMkta. IVrtfora, Kapton Inaulattoo aaoma to influoiKa 
alaetroB oolla^oe but not toa ooUaotioii (at laaat for 
Oieaa teat coadltloBa). 

Ty(4cal auxface voltafe profilea for the dlacvoo- 
Kapton aaperimant (aaa Fig. 11) can be uaed to iwder- 
atand the current collectlra pheiwmoion. At low poaitlve 
poteatiala (slOO V), ihe Kai^n Inaul^on will aaaume a 
potential auoh Oiat Section current from Uie plaama to 
Ae ioaulatlon will be equal to ion current. This potmtial 
ia referred to an the *'lloatitt|f' potential for that aurface. 
In &Me ei^rlmenta, the Kapton floating potential, ac- 
cording to the aurface voltage pn^, la about -6 V. 
Voltage andied to ttie diac will alao generate flelda in the 
idaama. Curr^ta collected by the disc will depend on 
the n^ electric field in die plaama. Thia net field la de- 
termined by a superpositl(» of disc electric field with 
diat of die Kaptoi surface. Since the field aerated by 
die negative surface voltage of the Kapton would repel 
elections, one would anticipate that current collection of 
the diso-on-Kapton would be less than plain disc collec- 
tion at low applied potentials. This appears to be veri- 
fied by the experimental results. 

When positive iqiplied potential is greater than 
-t-lOO V. the electric field from die disc expands into the 
Kai^n. It ia believed that diis occurs because electrons 
from the plasma are accelerated by the electric field of 
die disc and strike the Kapton surface with sufficient en- 
ergy to generate secondary electrons. Typically, for in- 
sulators, incident electrons with energies in the range of 
50 to 1500 eV will generate at least one secmidary elec- 
trtm per impact. ^ ^ Since secondary electrons are 
emitted with only a few electron volts energy, they could 
be collected by the field generated by the voltage apfdied 
to the disc. Hoice, the equilibrium condition for the 
Kapton surface (electron current equal to the ton currmit) 
is disturbed and the Kapton surface potential must change 
to reestablish equilibrium. The result is that the effec- 
tive area of the disc as a current collector increases and 
the coupling curroit grows. When the disc electric field 
has expanded to encompass the Kapton surface com- 
pletely, the rapid increase in the current stops and the 
experimental surface collects current proportional to the 
KaiAon area and aimlied voltage. A compr^ensive theory 
to account for these Interactions requires treating mate- 
rial properties of the Insulatlcm as well as the expansion 
of fidds in a plasma environment. No simide, empirical 
relationship has yet bemi found to fit the data. 

For negative applied potentials , there is little dl^ 
ference between currents collected by die disc-on-Kapton 
and die idain disc. Surface voltage profiles show that die 
Kapton aurface remains at its equilibrium potential 
('—6 V) dirou^iout the appliod voltage range and that disc 
voltage remain ctwfined to the disc regiem. Apparently. 


diere are no secondary emission processes occurring 
that disturb the surface equilibrium. Iber^re, ton 
ourrem oollectkMi for die dlso-omiKmitM should be pr^ 
portfamal to only disc area for applied voltages to at least 
-I kV. 

It is believed that pinhole current oolleotton phnosa- 
ena can be explained by similar arguments. Ihe (hffer- 
ence between the dlso-on-Kapton and a pinhole is that die 
insulation ia between the biased conductor md the idasma 
for the {dnhole experlmmit. This means that an electric 
field has to expand throu^ dm idnhole in die insulation. 
This may cause some variations in current collection, 
but the controlling factor in current coUectlon should be 
die euperposidon of die field from die insulation surface 
voltage and the field generated throu^ dm pinhole from 
the biased contkictor. These fielito will depend cm dm 
material properties of the insulator. Additional experl- 
moits should be run to verify dils behavior. 

Scaling in diis interaction still has to be addressed. 
Does die electron current collecdon throng the same 
size pinhole become larger as the insuladon area in- 
creases? Or are there Umidog factors in this collec- 
tion? Development of these scaling relationships will 
require addtional experlmentaUon and analysis. 

Solar Array Experiment 

Plasma coufding currents obtained for the solar ai^- 
ray experiment as a funcUon of applied potenUals and 
plasma densiUes are shown in Fig. 12. The data shows 
that electron current collection varies over orders of 
magnitude for positive applied potendals. When negadve 
potentials are applied, discharges (arcing) occur. Hie 
direshold for arcing is at a lower potmdal for the higher 
plasma (tensity. 

Comparison of the current collected by the solar ai^ 
tay experiment with that collected by the plain disc is 
shown in Fig. 13. For positive applied potentials there 
is again current suppression at voltages less dian -<-100 V 
and enhancement at hi^er voltages. At aisled voltagM 
greater than -<^00 V, rapid rise in current collection 
stops and current collection is dependent on applied volt- 
age. 

For negative applied voltage, die current collected 
seems to be dmllar in trends to diat collected by the 
plain disc to the potwtials at ubich arcing occurs. The 
magnitude of the current collected by the array is less 
than that collected by the plain disc by rou^y die differ- 
ence in total con<hictor area (factor of 2). 

Topical surface voltage profiles for the fibei^asn- 
Kapton-solar cull- interconnect region of dm array are 
shown in Fig. 14. For low positive allied voltages 
(< 100 V) , the voltage profile is dominated by the equlli- 
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brium potential of the cover alidea. The potential In the 
plasma la limited to values lesa than 10 percent of a|w 
(died voltage. Thla effect a|)pearB to be In rigreement 
with the model proposed In Ref. 6 . However, as apidled 
l»tentlal Is increased above 100 V, the surface (roteotlal 
profile changes. The surface potential of the cover slide 
approaches that of the Interconnects. It Is as if the volt- 
age sheaths have ''sna[>(>ed>over" or expanded to encom- 
pass the cover slide. The effective surface voltaic 
sensed by the pndie after the sna|>-over occurs is 50 V 
less than the a|>plied voltage. Current collection rise 
occurs at the snaivover condition. 

If it is assumed that a similar functional relaticm- 
ship found for the plain disc a(>plies to the solar array 
experiment and that effective voltages are those meas- 
ured by the surface voltage probe, then currents collec- 
ted by die array should follow the empirical equations; 



and 



where 

2 

A| the total interconnect area (4.8 cm ) 

2 

Ap the total fiberglass/array area (180 cm ) 

Vjjj the measured surface voltage (V'j^ ~ O.l V^) 
the applied potential 

The comparison between these equations and the data is 
shown in Fig. 12. Agreement is reasonably good except 
for the transition region. To Improve the relationship 
would require a more sophisticated model. 


When low negative voltages are apfilied to the seg- 
ment, small voltages are recorded by the surface voltage 
probe for the interconnect region. As the negative volt- 
age is increased, the voltage at the interconnect region 
Increases but remains confined to the interconnects. 

When a discharge occurs, the electric fields at the inter- 
connects are very Intense. These strong fields are prot>- 
ably the cause of the arcing. No simple, empirical re- 
lationship for the current collection under negative bias 
was found. 


The occurrence of discharges at the edges of solar 
cells has been verified photographically (see Fig. IS). 

The array segment shown in this figure has wrap around 
solar ceils mounted on a flexible insulator substrate. 

Test results for this segment are similar to those dis- 
cussed above. At plasma densities of about 10^ electrons 
per cubic centimeter and apidled voltages of about -600 V, 


arcing occurred at a rate of about 3 per minute. Hie 
photograph is a time exposure of 3 minutes so that 9 arc- 
ing events are recorded. All occur as bright flashes of 
light at the cell edges- This test is described in Ref. 29. 

Aa with the dlsc-on-Kaptm experiment, current 
collection of a solar array segment as a function of array 
size must be uiuierstood in order to extrapolate from 
small samples to very large arrays proposed for space. 

In an attempt to determine scaling relationships a test 
was conducted with a solar arrgy panel having an area of 
1460 cm^. Plasma coupliog current collected by this 
panel as a function of applied voltage in Fig. 16. Aver- 
age values for the small solar array experiment are also 
shown for comiiarison. 

For positive applied voltages snap-over occurred at 
about -MOO V as verified by the rise in current and sur- 
face voltage profiles. Current collection of the large 
panel for apidled voltages up to 100 V is believed to be 
similar to that of die smaller panel. However, the em- 
pirical relationship developed for the smaller panel in- 
dicates a smaller predicted current than was observed 
when the hi^er applied voltages were used (see Fig. 16). 
This would indicate that electron current collection 
mechanisms for the solar array are size de[>endent. The 
theory that large biased surfaces should collect current 
as a flat plate with strong edge effects predicts that 
the current should have been larger than observed. The 
data may have been influenced by chamber size, however, 
since current collection shows saturation above -^200 V 
applied. The test must be repeated in a larger facility, 
but the preliminary indication is that current collection 
for solar array segments is size dependent. 

For negative applied voltages, the current collected 
appears to be weakly dependent upon voltage. This also 
may be a result of chamber size which could be resolved 
by a test in a larger facility. Note that there is evidence 
that arcing ap(>earB at approximately the same voltage 
value as for the smaller panel. This would indicate that 
arcing is dependent on the solar cell- interconnect rela- 
tionship and not on array size. 


Concluding Remarks 


An investigation of interactions between high voltage 
surfaces and charged particle environments is being con- 
ducted. The goal of these tests Is to develop an under- 
standing of the interactions so that design guidelines can 
be formulated for high voltage space systems. Inter- 
actions of concern are coufiling currmit |»wer losses 
through the environment and discharges Initiated by the 
environment. 


An experimental program has been established to 
study interactions at plasma densities simulating low 
Earth orlbits where interactions will be the strongest. 
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It has been found that insulator aurfacea aurroundlAg 
biaaed conductora atrohf^y influence InteracUtma with 
the plaama environment. Electron current collection ia 
auppreaaed at low poaitlve potential a but enhanced at 
voltagea above HOO V, Thia controla the current collec- 
tion to aolar arraya and through pinholes in inaulatora. 

At negative potentials the strongest Interaction oc- 
curred in the solar array experiments. Dischargea oc- 
cur at potentials larger than -600 V for the plasma den- 
sities used in these tests. These discharges occur at die 
cell Interconnects and appear to be due to strong electric 
fields existing there. 

The attempt to determine scaling relatlonshi|w for 
extrapolation to large space systems was not successful. 
It appears that the current collection for solar arrays is 
size dependent and that the arcing [^enomenon is not. 
ISmple extrapolation from small samples is not Justified. 
Development of scaling relationships must await tests of 
larger surfaces conducted in facilities larger than the 
1.8 m diam facility used for these tests. 
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Figure 1. - Spacecraft-environment interactions. 
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Figure Z - Spacecraft higher voltage system-environment interactions. 
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Figure 3. - Plasma number density vs altitude in 
equatorial orbit 
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Fi^re 4 - Ground test results. 
Solar array segm^t; 1058 cm^ 
area. 


ORIGINAL PAGE IS 
OF POOR QUAUTIQ 






rflAIN DISC 


PLASMA DIAGNOSTICS 



Figure 7. - Schen»fic diagram - test teility. 
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Figure 9. - Plasma coupling currents. Disc on 
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Figure 11. - Typical surface voltage profiles. Disc on 
Kapton. 
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Figure 15. - Arcing on solar cells array sample (cell side) 
2x4 cm wraparound cells on Kapton. 
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